We have used protein-fusions to study in S accharom yces cerev isiae the topology and integration of arginine permease. Since this membrane protein does not contain a cleavable signal sequence, we sought to identify the first internal signal by, initially, fusing the cytoplasmic enzyme, galactokinase, to various positions along the amino-terminal region, and then measuring in vitro the translocation of galactokinase across the membrane of the endoplasmic reticulum. Five fusion proteins were examined that contained, progressively, zero to four hydrophobic segments. The galactokinase moiety of fusion 5, but not fusions 1 -4 , was translocated. Fusion 4 differed from 5 by only the fourth hydrophobic segment, indicated that this region contains the first internal signal. From this we conclude that hydrophobic segment IV spans the membrane, and that the hydrophilic domain amino-terminal to it lies on the cytoplasmic side of the membrane. If any of the first three segments actually span the membrane, then they probably integrate by a mechanism that differs from segment IV.
To date, the photosynthetic reaction center is the only membrane protein whose X -ray structure has been reported ( Deisenhofer et al. 1985) . Other structures have not been forthcoming because of the difficulty in obtaining crystals. Hence at present our understanding of the topology of most membrane proteins largely relies on a variety of indirect methods. Most of these approaches utilize probes such as proteases (Gerber et al. 1977) or antibodies (Seckler et al. 1986 ) to interact with hydrophilic domains exposed on the membrane surface. However, probes like these suffer from the limitation that for proteins with multiple transmembrane segments, some hydrophilic domains, particularly small ones, may not necessarily be accessible (Kaback, 1986) . Recently, Beckwith and co-workers (Manoil & Beckwith, 1986; Boyd et al. 1987; Froshauer et al. 1988 ) have described a novel method that does not suffer from this limitation. They constructed gene-fusions in which the coding sequence of a water-soluble enzyme was joined in frame into various hydrophilic domains of a membrane protein of known topology. The resulting fusion protein contained an amino-terminal fragment of the membrane protein fused at its carboxyterminal end to the enzyme. Upon analysis of the expressed fusion proteins in
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In the process of constructing such chimeric fusion proteins the membrane protein becomes truncated. T h u s for the method to work the transmembrane segment(s) preceding the fusion joint must be capable of inserting into the membrane in their correct orientation without the carboxy-terminal portion of the protein, now gone as a result of the fusion. T h is has been a valid assumption in most cases, consistent with models describing the insertion process of membrane proteins as a co-translational event, where the integration occurs by sequential threading of the polypeptide chain through the bilayer by the action of a series of signal and stop-transfer sequences. However some proteins, or regions of proteins, may integrate by a different mechanism that requires two or more transmembrane segments interacting with each other to insert coordinately into the membrane. For example in the acetylcholine receptor, two transmembrane helices were suggested to require the association with other helices in the membrane to become stably integrated (Finer-M oore & Stroud, 1984) . Since this type of integration requires portions of the protein to the carboxyside of a given segment, fusion protein analysis would yield an incomplete picture. Therefore it is important that information obtained from the fusion protein approach will be complemented with traditional methods. Its particular value lies in the fact, however, that in addition to the information regarding a protein's topology, valuable information regarding the mechanism of integration will also be obtained.
We have tested in Saccharomyces cerevisiae the approach of making fusions to measure the topology of arginine permease (Hoffman, 1985) , a complex multispan ning membrane protein. Our assay utilizes an in vitro protein translocation system (Hansen et al. 1986; Rothblatt & Meyer, 1986; Waters & Blobel, 1986) this reporter enzyme becomes glycosylated upon reaching the lumen of the microsomal vesicles. Even though galactokinase is normally not glycosylated (due to its cytoplasmic localization), it contains one glycosylation consensus sequence. If translocation of galactokinase as part of the fusion protein is observed, it can be concluded that the fusion joint is located within an extracytoplasmic domain of the arginine permease.
T h e hydropathic profile (Engelman et al. 1986 ) of arginine permease is shown in Fig. 2 . A total of 15 peaks corresponding to hydrophobic protein segments are evident. T h e analysis described in this paper is restricted to the amino-terminal portion of arginine permease, and four hydrophobic regions that are relevant to the discussion are indicated (designated I -IV in Fig. 2) . T o establish the topology we need to know which of these hydrophobic segments actually spans the membrane, and whether there are transmembrane segments not represented as peaks in hydrophobicity in Fig. 2 . T o begin to answer this, we constructed the set of fusions of arginine permease to galactokinase with the fusion joints indicated in Fig. 2 , labeled 1 -5 . These fusions were made in a vector suitable for transcription in vitro, as described in the legend of Fig. 3 , and tested for glycosylation in the in vitro translocation system (Fig. 3) .
T o our surprise, only fusion 5, but none of fusions 1 -4 , was glycosylated (note the upper, membrane-dependent band in lane 10, indicated with an arrow). Fusion 4, shown in lanes 7 and 8, differs from fusion 5 by only one hydrophobic segment, indicating that galactokinase is fused to a cytoplasmic domain of arginine permease in fusion 4 and to a lumenal domain in fusion 5. T h u s, a signal sequence responsible for translocating galactokinase must be contained within the hydrophobic segment between these domains. T h is segment, indicated as peak IV in Fig. 2, comprises 24 amino acids, a segment long enough to span the membrane (Deisenhofer et al. 1985; Froshauer et al. 1988 ).
T h is result was surprising to us because three hydrophobic segments precede 

Fig. 3. Autoradiogram of translation products displayed by SDS-polyacrylamide gel
electrophoresis. The indicated fusions were translated in vitro in the absence (oddnumbered lanes) or in the presence of microsomal membranes, added cotranslationally (even-numbered lanes). All samples were extracted with carbonate to remove the translation product not inserted into the membrane. In lane 10 the glycosylated fusion protein is visible as the prominent band (arrow) above the translation product obtained in the absence of membranes, lane 9. The protein band marked with an asterisk is not glycosylated, and is found in all translations containing membranes. Transcripts were made with SP6 RNA polymerase. All in vitro manipulations were performed as described (Hansen et al. 1986 ). Fusions were constructed as follows: the CAN1 gene (Hoffman, 1985) encoding arginine permease was inserted between the BamWi and Sal I sites of pSP65, an in vitro transcription vector containing the SP6 polymerase promoter (Hansen et al. 1986 ). The CAN1 gene was cleaved internally at a B s iE II site and random bluntends were generated with the exonuclease, Bal31. Just beyond the 3' end of the CAN1 gene within the polylinker of pSP65, a unique P rfI site was cleaved. The region thus deleted was replaced with the galK gene, which encodes galactokinase, containing a blunted EcoRl site at the 5' end and aPstl site at the 3' end (Rymond et al. 1983) . The ligated DNA was introduced into E. coli and plasmids were screened by restriction analysis. In-frame gene fusions were detected by sequencing the fusion joints and by translation in vitro (Hansen et al. 1986 ). Five representative protein-fusions were studied. For those, galactokinase was fused to amino acid no. 14 of arginine permease in fusion 1, no. 122 in fusion 2, no. 147 in fusion 3, no. 163 in fusion 4, and no. 189 in fusion 5. 
